3 The abbreviations used are: NTT, N-terminal tip; CTT, C-terminal tip; AU, asymmetric unit; MBP, maltose-binding protein; r.m.s.d., root mean square deviation; FL, full-length; CAPS, 3-(cyclohexylamino)propanesulfonic acid; TAPS, 3-{[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]amino}-1-propanesulfonic acid; PDB, Protein Data Bank.
Bacterial viruses of the P22-like family encode a specialized tail needle essential for genome stabilization after DNA packaging and implicated in Gram-negative cell envelope penetration. The atomic structure of P22 tail needle (gp26) crystallized at acidic pH reveals a slender fiber containing an N-terminal "trimer of hairpins" tip. Although the length and composition of tail needles vary significantly in Podoviridae, unexpectedly, the amino acid sequence of the N-terminal tip is exceptionally conserved in more than 200 genomes of P22-like phages and prophages. In this paper, we used x-ray crystallography and EM to investigate the neutral pH structure of three tail needles from bacteriophage P22, HK620, and Sf6. In all cases, we found that the N-terminal tip is poorly structured, in stark contrast to the compact trimer of hairpins seen in gp26 crystallized at acidic pH. Hydrogen-deuterium exchange mass spectrometry, limited proteolysis, circular dichroism spectroscopy, and gel filtration chromatography revealed that the N-terminal tip is highly dynamic in solution and unlikely to adopt a stable trimeric conformation at physiological pH. This is supported by the cryo-EM reconstruction of P22 mature virion tail, where the density of gp26 N-terminal tip is incompatible with a trimer of hairpins. We propose the tail needle N-terminal tip exists in two conformations: a pre-ejection extended conformation, which seals the portal vertex after genome packaging, and a postejection trimer of hairpins, which forms upon its release from the virion. The conformational plasticity of the tail needle N-terminal tip is built in the amino acid sequence, explaining its extraordinary conservation in nature.
Podoviridae forms a family of bacterial viruses (bacteriophages) characterized by short and noncontractile tails (1) . The tail complex is a sophisticated molecular machine, which is attached to a unique vertex of the icosahedral capsid and provides an entry through which the viral genome is packaged during replication and is ejected into the host during infection (2) . In the prototypical Salmonella enterica phage P22 (3), the tail machine consists of a ϳ2.8-MDa multisubunit complex (4, 5) that replaces a single penton of the icosahedral capsid (6 -8) . P22 binds to the Salmonella surface via tailspike proteins (gp9) that provide adsorption specificity by binding to the Salmonella O-antigen surface polysaccharide and by cleaving it (9) . In addition to the tailspike, P22 virions contain a tail needle that is located at the distal tip of the tail axis (5) (6) (7) , projecting ϳ140 Å outwards from the virion. In P22, the tail needle protein is encoded by gene 26 (10, 11) and at acid pH forms a 240-Å-long trimeric coiled-coil fiber containing three domains: an N-terminal tip (NTT), 3 a central ␣-helical coiled coil core, and a C-terminal tip (CTT) that folds as an inverted coiled-coil (12) (13) (14) . Orthologues of gene 26 have been identified bioinformatically in hundreds of phage genomes and prophages (15) . Significant sequence variability exists in the length and composition of the tail needle helical core and CTT, whereas the NTT is extraordinarily conserved throughout evolution. Based upon the structural and biochemical analysis of tail needles from four different P22-like phages, we divided the tail needle superfamily in two subgroups that differ primarily in the structure of their CTT (16) . In P22-like bacteriophages, the C terminus folds into a helical trimer whose main chain is inverted with respect to the helical core, as seen in the previously published crystal structure of P22 gp26 (12, 13) . In contrast, the Sf6-like tail needle C terminus folds into a globular knob-like structure (16, 17) that shares structural resemblance to the fiber knob of bacteriophage PRD1 (18) and adenovirus (19) . Regardless of the C-terminal architecture, all tail needles analyzed experimentally display remarkable structural stability and unfold in solution with an apparent denaturing midpoint guanidine concentration (C m ) between 6.4 and 7.4 M (16, 20) .
The tail needle serves several critical functions in the life cycle of bacteriophage P22. First, following genome packaging by the large and small terminase subunits (21) (22) (23) , the tail needle is one of the three virus-encoded tail factors (gp4, gp10, and gp26) that bind to the portal vertex, stabilizing packaged DNA inside the virion (24) . The N-terminal tip of gp26 plugs the portal vertex channel (25) , and loss of gp26 caused by mutation results in viral particles that incorporate DNA efficiently but fail to retain it inside the capsid ("DNA leakage phenotype") (24) . Assembly studies using purified P22 tail components revealed that the N-terminal 60 amino acids of gp26 are essential for binding to hexameric gp10 (20, 26) , which attaches to the dodecameric portal protein via 12 copies of the tail protein gp4 (27) . In addition, the tail needle CTT is responsible for contacting the host outer membrane by a mechanism that remains poorly understood, and during the adsorption/DNA delivery process gp26 is released into the host, possibly followed by the three ejection proteins, gp7, gp16 and gp20 (9, 28) , that are ejected before the P22 genome (29) .
In vitro, aggregates of purified Salmonella LPS are sufficient to trigger slow ejection of P22 DNA, possibly by releasing gp26 (30) . Although the kinetics of DNA release in vitro is much slower than the physiological rate of phage genome ejection, the signal for tail needle release and genome injection is likely transmitted from the tailspike to the tail needle through a series of conformational changes within the tail hub. Swapping the gp26 C-terminal tip with the corresponding domain of the tail needle knob (17) of bacteriophage Sf6 provided compelling evidence that this moiety does not confer host specificity between Escherichia coli, Shigella flexneri, and Salmonella enterica, at least under laboratory conditions (31) . However, entirely replacing the P22 C-terminal tip spanning residues 141-233 with the short (ϳ27 residues) foldon domain of bacteriophage T4 fibritin (32) reduces infectivity and slows potassium release from the host during infection. Together, these findings support the idea that the tail needle tip plays a direct role in DNA delivery, possibly by controlling the kinetics of DNA release (31) .
In this paper, we studied the structure and conformational dynamics of tail needle NTT in P22 and its close relatives HK620 and Sf6. Our data suggest that the NTT folds into a trimer of hairpins only after ejection into the host.
Experimental Procedures
Biochemical Techniques-Cloning, expression, and purification of the full-length (FL) tail needles from bacteriophages P22 (11) (12) (13) , HK620 (16) , and Sf6 (16) were previously described. Gp26 -140 (spanning residues 1-140) was generated by introducing a stop codon at position 141, using plasmid pET-21b-gp26 as template. Gp26 -70 (residues 1-70) and gp26 -99 (residues 1-99) were generated by introducing a stop codon at positions 71 and 100, respectively, using plasmid pMAL-gp26 as template (33) . Gp26 -140 was expressed with and N-terminal His tag and purified as described for FL-gp26 (33) . Gp26 -70 and gp26 -99 were purified fused to an N-terminal maltosebinding protein (MBP) as previously described (33) . Limited proteolysis of purified, untagged HK620 tail needle was carried out as described (34) . Analytical gel filtration chromatography was carried out on a Superpose 12 column equilibrated in buffer A (20 mM Tris, pH 8, 150 mM NaCl, 5 mM ␤-mercaptoethanol, 0.1 mM PMSF) as described (35) .
Crystallographic Methods-Purified, untagged tail needles were concentrated to 7.5 mg/ml and crystallized using the hanging drop vapor diffusion technique. P22 gp26 crystals were obtained in the presence of 40% PEG 1000, 0.1 M MOPS, pH 7.0 (crystal form I, pH 7.0) and 40% PEG 4000, 0.1 M CAPS, pH 10.0 (crystal form II, pH 10.0). P22 Gp26 -140 crystals were obtained in the presence of 20% PEG 8000, 0.05 M potassium phosphate monobasic, pH 3.9. HK620 tail needle was crystallized using 40% PEG 4000, 0.1 M TAPS, pH 9.0 (Crystal form I-pH 9.0 and Crystal Form II-pH 9.0) and 30% PEG 1000, 0.1 M Tris, pH 7.5 (crystal form III, pH 7.5). Crystal form III crystals were derivatized with xenon gas prior to data collection, as described (13) . All crystallization drops were equilibrated at 20°C, and crystals appeared within several weeks. 27.5% ethylene glycol was added as cryoprotectant before flash-freezing in a nitrogen stream at Ϫ170°C. X-ray data were collected from frozen P22 and HK620 tail needle crystals at National Synchrotron Light Source Beamlines X6A and X29 and CHESS A1, F1, on ADSC Quantum q270, q315, and q4 CCD detectors. All data were indexed, integrated, and scaled using HKL-2000 (36) . P22 crystals grown at pH 7 and 10 are hexagonal with two monomers in the asymmetric unit (AU), each generating a homotrimeric fiber by applying 3-fold crystallographic symmetry. Gp26 -140 crystals are primitive monoclinic and contain two trimeric needles in the AU. Three crystal forms were identified for HK620 tail needle: crystal forms I and II in P1 space group with two tail needles per AU and crystal form III that contains only two protomers in the AU (like P22 gp26 crystal form I and II). With the exception of HK620 crystal form I and II, all crystals analyzed in this study suffered from twinning (see Table 1 ) with twinning fractions close to 0.5, as determined by PHENIX (37) . The structure of P22 and HK620 tail needles were determined by molecular replacement in PHASER (38) using P22 gp26 residues 141-233 as search model (PDB code 2POH). Initial solution were refined by rigid body refinement, simulated annealing, and isotropic B-factor refinement with TLS domains using PHENIX (39) . For twinned structures, refinement was carried out using a twin target function and a twin law, as reported in Table 1 . The program Coot (40) was used for manual rebuilding. After modeling the solvent and bound ions, final models of P22 gp26 and HK620 tail needles were refined to an R free between 18 and 25% (see Table 1 ). All models have outstanding stereochemistry, with r.m.s.d. for bond and angles in line with their resolution and Ͼ90% of residues in the most favored regions of the Ramachandran plot and no outliers in disallowed regions (see Table 1 ).
Structure Analysis, Fitting into EM Density and Illustrations-Interface surface area and solvation free energy (⌬iG) calculations were performed using the PISA server (41) . All figures in the paper were prepared using the program PyMOL (42) . Atomic models of P22 gp9 (PDB codes 3TH0 and 1LKT), gp1 (PDB codes 1VT0 and 3LJ4), gp4 (PDB codes 1VT0 and 3LJ4), and gp26 (PDB code 2POH and tail needles solved in this paper) were placed inside the 9.4 Å EM density (EMDB-5051) using MOLREP (43) , and their atomic positions were refined using phenix.real_space_refine (44) . A structural model of Sf6 tail needle was generated using I-TASSER (45) by providing the crystal structure of Sf6 knob (17) and the helical core of P22 gp26 as templates to guide I-TASSER modeling. Sf6 tail needle was manually fit into the asymmetric cryo-EM reconstructions of Sf6 virion (accession code EMDB-5730) (46) .
Negative Stain Transmission Electron Microscopy-For negative stain electron microscopy, untagged Sf6 tail needles were applied to glow discharged carbon-coated copper grids at a concentration of ϳ1 g/ml and stained with 1% uranyl formate. Images were collected on an FEI Tecnai F20 transmission electron microscope operated at 200 kV and recorded on a chargecoupled device (CCD; Gatan Ultrascan 4000). Micrographs were collected at an electron optical magnification of 70,373ϫ and ϳ0.5-1 m underfocus. The pixel size on the specimen scale was 1.99 Å. Individual particles were manually selected using the EMAN program boxer (47) . Images were CTF corrected and subjected to reference-free image alignment and classification using EMAN2 software (47) . To determine tail length distribution of individual Sf6 tail needle particles, reference images were first computationally assembled from a 45-Å sphere designed to represent the CTT connected to a rod of varying lengths to symbolize the tail. The final lengths of 16 computationally derived models ranged between 85 and 215 Å. Projections were computed for each of the references, and the data image projections were aligned to each reference, and the cross-correlation coefficient was calculated using SPIDER software (48) . Each projection was binned into the tail length class that represented the highest cross-correlation coefficient for each image.
Hydrogen-Deuterium Exchange and Data Processing-Untagged gp26 was diluted 10-fold into a buffer (30 mM Tris, pH 8, 100 mM NaCl) prepared with D 2 O. At the indicated time points, the exchange reaction was quenched by the addition 150 mM phosphate buffer (pH 2.4). Samples were flash frozen in liquid nitrogen and stored at Ϫ80°C until analysis. For analysis, the quenched reactions were rapidly thawed and injected into a liquid chromatography system held at 4°C consisting of sequential immobilized Aspergillus saitoi protease type XIII and pepsin columns, a C4 peptide trap, and a Phenomenex Aeris 3.6 100-mm C18 analytical column. Peptides resulting from digestion were trapped and desalted on the C4 trap, captured by the C18 column, and eluted with an increasing gradient of AcN with 0.1% formic acid. Mass spectra were recorded on a Waters Quadrupole Time-of-Flight Premier Mass Spectrometer. Peptide identification was performed through repeated lock mass corrected data-dependent MS/MS runs analyzed using Protein Lynx global server (Micromass). Hydrogen-deuterium exchange data were analyzed, and heat maps were generated using HDExaminer (Sierra Analytics). Back exchange as estimated by averaged exchange end points was ϳ20%.
Circular Dichroism-CD scans and thermal melting curves were acquired on a Jasco J-810 spectropolarimeter equipped with a Peltier temperature control system using a 0.1-cm quartz cuvette (Starna Cells, Inc.). Assays were carried out using puri-fied, untagged gp26 -99 dissolved at 6 M final concentration in pH 5.5 MES buffer (50 mM MES, 150 mM NaCl) or pH 8.0 sodium phosphate buffer (50 mM NaH 2 PO 4 /Na 2 HPO 4 , 150 mM NaCl). CD scans were measured between 196 and 260 nm at 5°C. Thermal denaturation assays were carried out by increasing the temperature from 5 to 60°C and monitoring the resultant changes in ellipticity at 222 nm. All wavelength scans and thermal melting curves were baseline-subtracted using buffer scans. The apparent midpoint of the unfolding transition temperature (appT m value) was determined by fitting the experimental thermal profile to standard two-state unfolding equations using Origin 6.1.
Results
The N-terminal Tip of P22 Tail Needle Is Unstructured at Neutral and Alkaline pH-The crystal structure of full-length P22 gp26 (FL-gp26) was previously determined from crystals grown at pH 4.6 (12, 13, 33) . In this structure, the NTT adopts a compact conformation, whereby residues 1-26, containing a 3/10 helix between amino acids 4 -7, fold backwards onto the helical core to form a trimer of hairpins ( Fig. 1A ). This topology was also observed in a new crystal structure of gp26 helical core lacking the CTT (gp26 -140), which we crystallized at pH 3.9 and refined to an R work/free of 21.5/25.2, at 2.75 Å resolution ( Fig. 1B and Table 1 ). Gp26 -140 and FL-gp26 are essentially identical between residues 1 and 140 (r.m.s.d ϳ 1.19 Å). Both of the FL-gp26 and gp26 -140 constructs crystallized at acidic pH have an N-terminal polyhistidine tag that is partially visible in the electron density and that likely stabilizes crystal contacts by allowing the protonated imidazole side chains to bind surfaceexposed residues in the gp26 helical core.
To visualize the gp26 structure at physiological pH, we purified an untagged version of the tail needle and screened it for crystallization. We obtained two new crystal forms, one at pH 7 (crystal form I) and one at pH 10 (crystal form II), each of which diffracted x-rays to a resolution comparable with gp26 crystals grown at acidic pH (12, 13) (Table 1 ). Unable to solve these structures using a trimer or a protomer of FL-gp26 as search model, we obtained an unambiguous molecular replacement solution using a fragment of gp26 protomer encompassing the CTT (residues 141-233). Crystal form I was refined to an R work/free of 15.3/18.9% at 2.1 Å, and crystal form II was refined to an R work/free of 18.4/22.5% at 2.5 Å resolution (Table 1 ). Both gp26 structures revealed strong and continuous electron density for residues 55-233 but unexpectedly had no discernible density for the NTT (residues 1-54) ( Fig. 1, C and D) . The two new crystal forms are essentially identical (r.m.s.d. ϳ0.29 Å) and differ minimally from FL-gp26 crystallized at pH 4.6 (r.m.s.d ϳ1.59 and 1.60 Å, respectively), with the exception of the invisible NTT. In both refined models (Table 1) , the B-factor increased significantly toward the fiber N termini, suggesting high flexibility above residue 60. The lack of electron density for the NTT suggested that this domain was either cleaved during crystallogenesis or averaged out in the final density because of structural differences among protomers. Unlike crystals grown at acidic pH that contain one or two trimers in the AU (12, 13, 33), both new crystal forms are hexagonal and contain two protomers in the AU (Table 1 ) that form homotri-meric fibers by applying 3-fold crystallographic symmetry. SDS-PAGE analysis of dissolved crystals ruled out proteolysis (data not shown), lending support to the notion that, under nonacidic conditions, NTT is flexible and does not conform to 3-fold crystallographic symmetry. Thus, crystallographic analysis of P22 gp26 crystallized at neutral and alkaline pH provides clues to an unexpected conformational dynamics in the genome-sealing NTT.
Crystal Structure of the Phage HK620 Tail Needle, a Close Relative of P22 gp26 -To expand on the analysis of P22-like gp26 structures, we also crystallized the tail needle from the E. coli phage HK620, which shares 60% sequence identity with the P22 gp26. When considering the NTT alone, the sequence identity exceeds 85%, indicating that this domain is almost invariant among P22-like bacteriophages (49) . We obtained structures from three crystal forms of the untagged HK620 tail needle. Each structure was solved by molecular replacement using the P22 gp26-CTT protomer as a search model, followed by refinement to R work/free values of 20.1/22.3%, 20.9/25.9%, and 22.6/25.1%, respectively ( Table 1 ). The first crystal form was grown at pH 9.0 in space group P1 and contains two tail needles in the AU with no density to accommodate NTT residues 1-59 (Fig. 1E ). The second crystal form, obtained from the same crystallization drop as crystal form I (pH 9.0) but with a slightly different triclinic unit cell, contains two tail needles and has no electron density for residues 1-53 (Fig. 1F ). Finally, a third crystal form was grown at pH 7.5 and belongs to space group P3, with unit cell parameters similar to P22 crystal forms I and II (Table 1) . This crystal was also subjected to derivatization with xenon gas for 2 h at 450 p.s.i., as described for P22 gp26 (13) . The electron density of this crystal form had strong and clear features for residues 57-233 and only sparse density for N-terminal residues 1-57 (visible as elongated "tubes" after blurring the B-factor) that were modeled as an extended stretch of polyalanine (Fig. 1G ). In addition, three well occupied xenon atoms were identified at discrete sites of the trimeric interface.
Both triclinic crystal forms had an entire trimer in the AU but invisible NTTs, ruling out the possibility that this domain is crystallographically invisible because it fails to obey 3-fold symmetry. Incubation of the purified HK620 tail needle with traces of chymotrypsin readily cleaved the NTT at amino acid 35, as determined by N-terminal sequencing ( Fig. 2A) . Thus, by analogy to P22 gp26, the NTT of phage HK620 tail needle is also highly flexible at neutral pH and is susceptible to proteolytic degradation in solution at neutral pH.
The NTT Lacks Determinants for Trimerization-To rationalize the NTT structural dynamics (Fig. 1, A and B) , we analyzed the trimerization interface of P22 and HK620 tail needles. The fibers from both species form SDS-resistant trimers ( Fig. 2A ). However, in folding studies, the HK620 tail needle is more stable than P22 gp26, unfolding with apparent C m and T m values of ϳ7.4 M and 88 -90°C, respectively, versus lower C m ϳ6.4 M and T m ϭ 85°C values for gp26 (16, 20) . Tail needle stability is promoted by a spine of hydrophobic residues (Fig. 2B ) that are organized in 11 contiguous heptads, spanning most of the interior ␣-helical core that forms between residues 70 and 140. Compared with the P22 needle, the HK620 tail needle appears to have a preference for bulkier hydrophobic residues (Leu/Phe over Val) that fill the trimeric interface even more densely than in gp26. This difference reduces the number of internal cavities of HK620 tail needle compared with that of P22, which possibly accounts for the higher stability measured in vitro. This is supported by the fact that only three xenon atoms are trapped inside the HK620 tail needle, as compared with seven in P22 needle under comparable derivatization conditions (13) . Interestingly, both fibers have only one trimerization heptad in the NTT that resides between residues 42-48, with four Ala (at positions 37, 44, 46, 49) and three Gly (at 39, 43, 47) surrounding the heptad and a tyrosine cluster at the far N-terminal tip (Fig. 2B ). Hydrophobic contacts mediated by these two motifs are unlikely to provide sufficient energy to completely stabilize the NTT trimeric interface. In addition, both tail needles have a buried calcium ion and chloride ion at the trimeric interface. In P22, these ions make polar contacts with the side chains of residues Asn 63 /Gln 66 and Asn 94 , whereas in HK620 tail needle, the chloride ion coordinates with Asn 80 (Fig. 2B) . (12, 13) , pH 3.9 (only residues 1-140) (B), pH 7.0 (C), and pH 10.0 (D). E-G, structure of phage HK620 tail needle determined in two crystal forms at pH 9.0 (E and F) and at pH 7.5 bound to xenon gas (G). All tail needles are colored by B-factor with dark blue and red representing the lowest and highest refined B-factor, respectively. Calcium, chloride, and xenon atoms buried at the trimeric interface are shown as magenta, orange, and black spheres, respectively. res., residue.
Consistent with the paucity of contacts in the NTT, the trimeric helical portion of P22 gp26 NTT (residues 30 -60) has a calculated free energy of assembly dissociation (⌬G diss ) of only ϳ6.4 kcal/mol. This value, which corresponds to the free energy difference between dissociated and associated states (41), is very low compared with an equivalent stretch of 30 residues in the gp26 helical core (e.g. residues 100 -130), which has a ⌬G diss Ͼ15 kcal/mol, suggesting a marginal ability to trimerize. To validate this finding experimentally, we generated two fusion proteins containing the MBP fused to gp26 residues 1-70 (gp26 -70) and 1-99 (gp26 -99) and asked whether these constructs are able to trimerize in solution. As expected from our above results, MBP-gp26 -70 remained monomeric in solution at all concentrations tested (Fig. 2C) , confirming that the NTT alone is not sufficient to promote stable trimerization. In contrast, the longer fragment MBP-gp26 -99 that contains the NTT, along with four additional trimerization heptads (Fig.  2B ), readily formed trimers in solution (Fig. 2C) . Thus, the tail needle NTT is most likely not oligomeric on its own but can be forced to trimerize if fused to additional C-terminal heptads.
Visualization of the Sf6 Tail Needle by EM Reveals an Unstructured NTT-We next sought to visualize the conformation of the tail needle of bacteriophage Sf6, which is only ϳ19% identical to P22 gp26 but contains ϳ85% identical residues in the NTT domain (16) . Because we were unable to obtain diffracting crystals of the whole Sf6 tail needle, we used negative stain transmission EM to determine whether its NTT is structured at physiological pH. Unlike P22 and HK620 needles that appear as featureless sticks by negative stain transmission EM with N-and C-terminal tips that are indistinguishable from each other (16) , the Sf6 tail needle presents a large knob at its CTT, a structure that has independently been solved by x-ray crystallography (17) . The knob provides a useful C-terminal marker that is ϳ40 Å in diameter and is clearly distinguishable in negative stain electron micrographs, providing an exceptional reference for measuring fiber lengths. We incubated purified Sf6 tail needles in a physiological buffer and, after staining in 1% uranyl acetate, imaged the tail needle by transmission EM. Altogether 1,394 individual particles were selected and grouped into class averages. Although the various class averages differed in tail length, all revealed a blurring at the end of the needle that is opposite the CTT (Fig. 3A) . To determine the distribution of individual Sf6 tail needle lengths, computational models were generated to represent different tail lengths that ranged between 85 and 215 Å in 10-Å increments (distances include the CTT knob). The 1,394 projections were compared with projections of each of these models and distributed into the class with the highest cross-correlation coefficient. This analysis revealed that the majority of Sf6 tail needles has a helical core of ϳ140 -160 Å in length, with a comparable number of significantly shorter and longer needles (Fig. 3B) . The full-length Sf6 tail needle bearing a trimer of hairpins NTT should measure ϳ215 Å in length, or ϳ50 Å longer than the average length of ϳ165 Å measured for fibers by EM (Fig. 3C) . The EM analysis of fiber lengths combined with the visualization of blurry NTT ends in all class averages further supports the notion that the majority of Sf6 fibers have unstructured NTTs. Thus, P22, HK620, and Sf6 tail needles all share an unstructured conformation of the NTT at physiological pH.
Hydrogen-Deuterium Exchange MS and CD Spectroscopy-We next employed hydrogen-deuterium exchange MS to characterize the dynamics of P22 gp26 in solution at room temper- I(i,h) and ϽI(h)Ͼ are the ith and mean measurement of intensity of reflection h. b The R free value was calculated in thin resolution shells using ϳ5% of reflections up to 2,000 reflections. c It includes Cl Ϫ , Ca 2ϩ , and xenon atoms.
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ature and pH 8.0. Purified P22 gp26 was incubated with a deuterated solution to allow free exchange of hydrogen with deuterium. The exchange reaction was quenched at different times (0.5, 1, 3, 10, 30, 90, and 300 s), followed by digestion with two acidic proteases, namely the A. saitoi protease type XIII and pepsin. Digested peptides were purified by reverse phase HPLC chromatography, and mass spectra were recorded on a Waters Quadrupole Time-of-Flight Premier Mass Spectrometer. The heat map in Fig. 4A provides a visual representation of hydrogen-deuterium exchange as a function of time using color gradients. Two regions of the protein display particularly note-worthy and diametrically opposed exchange kinetics. The region from residues 1 to 40 displays very rapid exchange that is essentially complete at the earliest time point of 0.5 s as expected for a completely unprotected peptide in solution. In contrast, the region spanning residues 45-75 is highly protected because it undergoes very limited exchange over the time course of the experiment, which is indicative of a well ordered and stable region.
We also used CD spectroscopy to investigate structural rearrangements in gp26 NTT. For this analysis, we employed the shorter construct gp26 -99 that forms stable trimers in solution FIGURE 2. Molecular determinants for tail needle trimerization. A, limited proteolysis analysis of purified HK620 tail needle in the presence of chymotrypsin at 20°C. Aliquots of digestion mixture were collected after 10, 20, 30, 45, 60, 120, and 180 min; the reaction was blocked with 1 mM PMSF and resolved by 12.5% SDS-PAGE. Room temperature and 95°C indicate FL tail needle incubated for 5 min at room temperature and 95°C prior loading on to gel. B, stick representation of the tail needle helical core (residues 1-140 for P22 gp26 and residues 54 -140 for HK620) with hydrophobic side chains at the trimerization interface shown as yellow spheres. Gp26 NTT is overlaid to a light gray box. A calcium ion (magenta) and a chloride ion (orange) are buried at the interior of P22 and HK620 tail needles. C, left panel, gel filtration analysis of purified MBP-gp26 -70 (molecular mass, ϳ53 kDa) and MBP-gp26 -99 (molecular mass, ϳ56 kDa). The Superose 12 gel filtration column was calibrated using molecular mass markers, whose elution volumes and relative molecular masses are indicated in the right panel. MBP-gp26 -70 eluted after 69.6 ml, consistent with a species of a ϳ85 kDa, reflecting an elongated monomer. In contrast, MBP-gp26 -99 eluted after 58.4 ml, consistent with a 269-kDa species corresponding to a trimer. RT, room temperature. ( Fig. 2C) but has reduced helical content as compared with FL-gp26 (ϳ70 versus 145 residues in ␣-helical conformation at acidic pH; Fig. 1, A and B) . Reducing the ␣-helical "background" allowed to accurately measure differences in gp26 ellipticity caused by variations in pH. Wavelength scans using 6 M untagged gp26 -99 revealed a ϳ20% gain in ␣-helical signal at pH 5.5 versus pH 8.0 (Fig. 4B) , supporting the idea of a more structured NTT at acidic pH. Assuming that gp26 -99 helicity measured at pH 5.5 corresponds to the continuous ␣-helix spanning residues 29 -99 (ϳ70 amino acids) seen in gp26 crystallized at acidic pH (Fig. 1, A and B) , the reduced ellipticity at pH 8.0 is consistent with loss of helical folding for ϳ15 residues. This positions the beginning of gp26 ␣-helix at neutral pH roughly at residue 44 (i.e. residues 29 ϩ 15 ϳ44), in good agreement with the folded boundary probed by hydrogen-deuterium exchange (Fig. 4A) . Likewise, the thermal stability of gp26 -99 was slightly increased at pH 5.5 as compared with pH 8.0 (appT m ϭ ϳ42°versus 45°C) ( Fig.  4C) , also supporting the idea of a more folded conformation of the NTT at acidic pH.
Fitting the Tail Needle into the Cryo-EM Map of P22 Tail Apparatus: a Reassessment-A 9.4 Å cryo-EM reconstruction of P22 tail apparatus (5) and a 7.8 Å asymmetric reconstruction of the mature virion (8) have been determined. Together, these reconstructions provide a subnanometer description of the gp26 structure visualized in the physiological context of the mature virion. Previous attempts to fit the structure of gp26, solved under acidic pH conditions, into the tail cryo-EM map modeled the NTT trimer of hairpins inside the gp10 channel (5, 8, 25) with the CTT positioned in a region lacking experimental density (Fig. 5, A and B) . We reanalyzed this fitting in light of the neutral pH structure of gp26 presented in this paper, using the 9.4 Å cryo-EM reconstruction of P22 tail that has better resolved density for gp26. To avoid bias introduced by manual docking, we placed all atomic models of P22 tail components solved crystallographically (e.g. tailspike, portal protein, gp4, and FL-gp26) inside the EM density using molecular replacement in a phased map, followed by real space refinement. This reanalysis suggests that the previous fitting (5, 6, 25) of gp26 NTT inside gp10 channel is likely incorrect for three reasons. First, P22 gp26 NTT trimer of hairpins is too wide (ϳ35 Å van der Waals diameter) to fit into the gp10 channel of the cryo-EM map (shown by an asterisk in Fig. 5B) . Although an atomic model for gp10 is not available, the exact diameter of the gp10 channel can be estimated from the cryo-EM map by adjusting the map contour at a sigma level that covers homogeneously the atomic models of tailspike and portal protein, which are exceptionally well resolved. This exercise suggests that the gp10 channel has a maximum diameter of ϳ25 Å, comparable with the van der Waals diameter of the gp26 helical core and signif-icantly smaller than the P22 gp26 NTT trimer of hairpins. Accordingly, placing the NTT in the first portion of the gp26 cryo-EM density results in a poor fitting, with the majority of gp26 atoms being unaccounted for in the EM-density (Fig. 5C ). Second, no density is visible for gp26 residues 1-26 that fold back onto the helical core and, if present, should enlarge the cryo-EM density for the gp26 NTT (indicated by arrows in Fig.  5B ). Third, placing the gp26 trimer of hairpins inside the first portion of the cryo-EM density map places the CTT in a region of no density (Fig. 5B ). This is unlikely, because the CTT is well structured in all available crystal structures of P22 gp26 (Fig. 1 , C and D, and PDB entries 2POH and 3C9I) and should also be visible in a subnanometer cryo-EM reconstruction. Instead, a more convincing fitting of gp26 inside the tail of the cryo-EM map was obtained by docking the crystal structure of gp26 solved at neutral pH that lacks NTT residues 1-55 ( Fig. 5D ). In this case, the narrow trimeric coiled-coil portion of gp26 helical core starting around residue 55 fits perfectly inside the first part of the cryo-EM density (Fig. 5F ), placing most of gp26 CTT in the observed cryo-EM density (Fig. 5E ). This fitting has no clashing of NTT residues inside the gp10 channel because the gp26 van der Waals diameter at residues 55 is close to the estimated channel diameter (Fig. 5E ). In agreement with this docking model, a boundary can be observed around residue 140 (see arrow in Fig. 5E ) between the smooth and continuous cryo-EM density for gp26 ␣-helical coiled coil and the CTT, visible at higher contour as "disks" of density, as expected for a ␤-stranded domain at this resolution.
We also fit a modeled structure of the Sf6 tailed needle into the asymmetric cryo-EM reconstruction of the phage Sf6 mature virion (46) . Although determined at lower resolution (ϳ16 Å), the presence of a well defined C-terminal knob allowed unambiguous docking of the CTT into the cryo-EM density, providing a register to place the tail needle inside gp10 channel. Notably, this fitting positions residue 55 at the outside entrance of the gp10 channel and the trimer of hairpins inside the virion, in a region lacking EM density (Fig. 6A) . In contrast, a modeled structure of the Sf6 tail needle lacking residues 1-55 and similar to gp26 conformation observed crystallographically at neutral pH (Fig. 1, C and D) gave the best fit for both the C-terminal knob and the N-terminal helical core (Fig. 6B) . Thus, the structure adopted by P22 and Sf6 tail needles in the context of the mature virions is very consistent with an unstructured NTT.
Discussion
We used hybrid structural methods to explore the structure and conformational dynamics of the genome-sealing NTT of P22-like tail needles, which is extraordinarily conserved in nature (16) . Comparing tail needles from P22, HK620, and Sf6, we determined that the trimer of hairpins observed in gp26 crystallized at acidic pH is not likely to exist at neutral pH. In the absence of other tail components, we found the tail needle NTT adopts a poorly structured, possibly extended conformation ( Figs. 1 and 3) that is susceptible to proteolysis ( Fig. 2A) and exchanges hydrogens rapidly in solution (Fig. 4A ). We will refer to this conformation of the tail needle NTT as "pre-ejection." Cryo-EM modeling ( Fig. 5 and 6 ) supports the notion the pre-ejection conformation also exists in mature virions, when the tail needle is assembled in the context of the tail apparatus. The paucity of contacts among gp26 protomers between residues 30 and 60, which contain only one trimerization heptad ( Fig. 2B) and are insufficient to promote stable trimerization (Fig. 2C) , provides a structural explanation to rationalize the loss of a trimer of hairpins fold at physiological pH. Given the remarkable conservation of the NTT in over 200 genomes of P22-like phages and prophages (16) , we reasoned that such a flexible structure must confer an evolutionary advantage to the virus of paramount importance. We propose the NTT structural plasticity aids the tail needle in its function as molecular plug. This idea is supported by several lines of evidence. First, an NTT folded as trimer of hairpins is too wide to fit inside gp10 (Fig.  5C ). If stably folded as a trimer of hairpins, like a static "cork," the NTT could pose topological problems during assembly, when a tip larger than the portal vertex channel may result in poor assembly and thus inefficient stabilization of packaged DNA (24) . Second, an extended conformation of the NTT could extend inside the gp10 channel and make contact with tailspike and/or gp4 (Fig. 6B ). This would make the NTT a prime candidate to sense the signal for ejection initiated by tailspike and/or needle CTT interaction with LPS that is propagated to the tail needle NTT by an as yet unknown mechanism (30) . Finally, an extended NTT may provide a surface of interaction with DNA and/or the ejection protein (gp20, gp16, and gp7), whose position inside the virion remains unknown but that could be poised for ejection inside the portal protein channel (28, 50) prior to genome ejection (29) . All these factors would justify NTT remarkable conservation throughout evolution, which goes hand in hand with the conservation of gp10 (51), gp26's main binding partner in the tail apparatus.
What happens to gp26 after its release from the virion? We propose that the tail needle NTT undergoes a conformational change possibly in response to the lower pH in the periplasm to adopt a postejection conformation, with the NTT folded as trimer of hairpins. In Gram-negative bacteria, a proton motive force is maintained across the cytoplasmic membrane, and in a typical E. coli cell, for instance, the periplasmic pH is reported to be about 1.7 pH units lower than the cytoplasmic compartment (52, 53) . Similarly, lower pH values may exist in the local proximity of proton pumps (e.g. ATPase) possibly stabilizing the trimer of hairpins conformation as seen in all crystal structured determined at acidic pH (Fig. 1, A and B) (12, 13) . Spectroscopic studies using CD revealed that mild acidification to pH 5.5 increases gp26 ␣-helical content and enhances thermal stability (Fig. 4, B and C) , pointing to a pH-dependent stabilization of the NTT. It is obviously difficult to reconcile this in vitro observation with the in vivo setting of a phage infection, which is infinitely more complex. However, in light of the putative role of gp26 as a cell envelope-penetrating needle (12) , it can be speculated that a more compact and folded NTT aids the tail needle to pass through the bacterial cell envelope during genome ejection. The mechanisms of this complex reaction remain, however, unknown. In conclusion, the current study expands our understanding of phage tail needle biology and presents a new framework to investigate the cascade of events accompanying packaging and ejection of viral genomes though bacterial membranes.
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